This paper investigates how the basicity and alumina content in synthetic slags influence the crystallization behavior that takes place in a heat flux simulator for mold slags. The purpose is to elucidate the variation in crystallization behavior for model slags that are expected to be glassy, partly crystalline and fully crystalline in order to correlate the changes in heat flux to the dynamic solid evolution that occurs in the simulator. Three levels of alumina content (3, 15 and 25 wt%) were chosen to investigate the heat transfer behavior through slag film which have different tendency of reaction with molten steel during continuous casting of high aluminum containing Transformation Induced Plasticity (TRIP) steels. A Confocal Scanning Laser Microscopy (CSLM) was used to develop TTT diagrams for the slags. XRD and SEM were also used to analyze the micro-structures of the crystalline phases.
Introduction
It is well known that mold slags play a key role in the continuous casting of steel by providing lubrication and controlling heat transfer. This is accomplished by controlling the thickness and micro-structure of the solid phases that form in the slag film between the copper mold and strand.
1) The slag film is generally composed of three sublayers, a glassy layer close to the copper mold due to a fast cooling rate, a crystalline layer located in the center where the cooling rate and temperature are favorable to form the crystals, and a liquid film in contact with the steel.
2) Generally, the crystals could be present inside both the solidglassy-and liquid-layers, and the presence of crystals in the liquid layer would increase the friction between the mold and strand, while the crystals present in solid layer play a role in decreasing heat transfer rate by scattering radiation or forming pores due to the shrinkage during crystal formation.
3) The decrease of heat transfer may help to alleviate the longitudinal cracking problem which occurs due to the thermal mismatch between ferrite and austenite phases. 4) It is therefore important to understand how the crystallization influences the heat transfer rate. Regarding crystallization, a number of methods have been used to determine the crystallinity of mold slags, which include Differential Thermal Analysis (DTA), 5) Hot Stage Microscopy such as Confocal Scanning Laser Microscope (CSLM), 6) and Single (or Double) Hot Thermocouple Technique (SHTT or DHTT). 7) These methods can determine the crystallization properties of mold slags through the development of Time Temperature Transformation (TTT) or Continuous Cooling Transformation (CCT) diagram. They can however not determine how the crystallization influences the heat flux quantitatively. In view of the disadvantages of these methods, Ohmiva, 8) Yamauchi 9) and Cheng 10) measured the heat flux or overall thermal resistance of a parallel-sided plate filled with mold slag using one dimensional heat transfer method. However, it is hard to control one dimensional heat transfer during measurement of the heat flux, and to measure the heat flux in non-steady state heat transfer by this method. Vermeulen 11) used the copper finger method to study how the chemical compositions of mold slags affect crystallization behaviors and heat transfer, and determined the heat transfer rate through measuring the temperature of the copper tube. Wen 12) developed a method to measure the heat flux through measuring the temperature difference of inlet and outlet of water flow in copper sensor. This method can determine the heat flux and the thickness of slag film simultaneous, and the comparison of slag film with that from steel plant indicated that it can simulate the practical continuous casting process. To the knowledge of authors, no systematic investigations have been carried out with a combination of two methods. Therefore, the first purpose of this investigation was to carry out an investigation on the per-formance of a mold slag simulator that was developed by Wen 12) by using model mold slags whose crystallization behavior can be predicted. The second purpose was to analyze the heat fluxes with TTT diagrams developed using CSLM method.
In recent years, advanced high strength steels (AHSS) have attracted much attention to be used as car bodies due to its excellent combination of high strength and ductility, [13] [14] [15] which necessitate the development of AHSS steels for continuous production in steel plants. However, there are several problems that need to be overcome and some are related to the high amount of reactive elements in these alloys. 16, 17) For example, it is difficult to control the alloy composition during continuously casting of some grades of AHSS, such as TRIP steels, as a result of reactions between the mold slag and the melt, involving the formation of alumina. Critical properties of the mold slag can change during casting as a result of alumina pick-up, 18, 19) when casting high aluminum TRIP steel and this could cause surface cracks on the slab or sticker break-outs. It is therefore necessary to study how to suppress the reactions between the mold slag and the melt. One possible method to accomplish this is to increase the alumina content in the mold slag. The details of the incorporation of alumina in slags is however not completely known and depending on this the alumina content in mold slag could result in changes in the key thermophysical properties of mold slag, such as viscosity, crystallization and thermal conductivity. The third purpose of this work was therefore to characterize slag crystallization and heat transfer as a result of an increasing alumina content.
Experimental
The technical approach that was undertaken involved measuring the heat flux during immersion of an inverted mold into the simulator and comparing the resulting solid layers formed with TTT diagrams that are established through in-situ CSLM observations and metallographic characterization using XRD and SEM. Slags were designed or used for studying the crystalline tendency and the heat flux change according to the basicity and Al 2 O 3 content. The reason for using a low CaO content in No. 3 slag was to obtain a low basicity slag.
Materials

Experimental Methods
A confocal scanning laser microscope (CSLM) schematically shown in Fig. 1 was used in the present experiments. The principle of CSLM has been described in detail in the previous papers. 20, 21) The heating and cooling processes were controlled by a computer program. About 10 mg slag was mounted on the top of a Pt plate, and heated to 1 500°C at a heating rate of 30°C/s and was maintained isothermally for 60 s to eliminate the bubbles and homogenize the slag. This was followed by a rapid cooling to a pre-set experimental temperature at a cooling rate of 80°C/s and was maintained there for 5 to 30 min to observe crystallization (or the lack thereof). The sample images were continuously recorded and the onsets of crystallization temperatures and times were evaluated for constructing the Time-Temperature-Transformation (TTT) diagrams.
The heat transfer through solid slag layer was quantitatively measured through an experimental setup which was designed by Wen and his research group at Chongqing University. (1) where q is the heat flux through the solid slag layer (Mw/m 2 ), W is the amount of water flowing through copper simulator (kg/s), T A , T B are the water temperature of inlet and outlet, respectively (°C), F is the effective surface areas of copper simulator (m 2 ) and C is the heat capacity of water (kJ/kg/°C). In order to simulate the cooling rate in the copper mold, the flow rate of the cooling water was maintained at 0.30 m 3 /h under the present experiment. When the copper simulator was immersed into the liquid slag, the temperature difference between the outlet and inlet or heat flux shows three significant stages which is schematically shown in Fig. 2(b) . In the initial stage (0-t 1 ), the temperature dif- ference increases quickly to reach the maximum value, suggesting the heat transfer between the liquid slag and copper simulator. During the second stage (t 1 -t 2 ), the temperature difference shows the quick decrease, and this is indicative of the solid slag layer forms on the copper simulator and its thickness increases with time, the crystallization may occur during this stage. In the last stage, the temperature difference decreases very slowly, and this may suggest that the solid slag layer grows slowly or further crystallization of solid slag layer occurs. These are to be confirmed in this study. A series of experiments were carried out using this setup, and the experimental results indicted that the thickness of slag film is 1-5 mm when the time reaches t 2 . This is consistent with the thickness of slag film obtained from the operating continuous casting molds. 22) The average heat flux between t 1 and t 2 is used to present the ability of the slag to transfer heat. The time t 1 is easily determined from the measured data but the time of t 2 must be evaluated as well in order to compare the heat transfer ability of slags, t 2 can be determined with operating conditions of real continuous casting.
The morphologies of precipitated crystals in the slag were examined by using a Philips XL Field Emission Scanning Electron Microscope (SEM). The cross sections were prepared by mounting in liquid epoxy resins, holding under vacuum for 15 min to remove the bubbles, and then reapplying atmospheric pressure. The solidified epoxy containing the specimens was subsequently cut, ground, polished, and etched in HF acid for 30 s. Pt was sputtered onto the sections which were examined in an SEM equipped with an energy dispersive X-ray detector (EDS; INCA, Oxford Instrument). The accelerating voltage determining the energy and wavelength of electrons in the electron beam was 20 kV. The resolution in the secondary electron mode at 20 kV is 3.5 nm at a working distance of 10 mm.
Results and Discussions
TTT Diagram Measurements
Mold fluxes contain the volatile components, and this might result in the change of chemical compositions during CSLM observations. The main vapor species are SiF 4 , SiO, Na 2 F 2 , CaF 2 , AlOF, AlF 3 under the experimental temperature ranges, and their vapor pressures change in the range of 10 Ϫ6 to 10 Ϫ9 atm with varying temperature and chemical compositions. 23) Analysis indicated however that the evaporation rate is very low when the experimental temperature is lower than 1 400°C. 24) Therefore, the evaporation is expected to be low during the CSLM observations. Unfortunately, the CSLM samples were of too small a size to verify the chemistry through chemical analysis after the experiments.
Imaging of slag crystallization in the CSLM under isothermal conditions were carried out in the temperature range of 850-1 300°C and based on the results TTT diagrams for the observed onset of crystallization were generated. Figure 3 shows an example of CLSM images for slag No. 1 used to draw the TTT diagrams, which gives the initial stage and growth of crystals at the experimental temperature of 1 150°C. It can be seen that the columnar dendrite crystals formed along the edge of liquid drop and grew toward the centre. Onset of crystallization were documented from the observations such as those shown in Fig. 3 at different isothermal temperatures and the results were used to construct the TTT diagrams, as shown in cooling process when the temperature was below 1 125°C and 1 100°C for slag No. 1 and No. 2, respectively. Figure  5 gives the CSLM images showing the primary and secondary crystals formed during the cooling process. It is noted that the primary crystals do not grow with time. It should be pointed out that the precipitated phases during cooling processes may have a significant effect on the subsequent crystallization: 1) the crystals may act as heterogeneous nucleation sites, and 2) the chemical composition of slag melt correspondingly changes, and this will be discussed in the following paragraph. The onset of formation of secondary crystal was also documented and labeled in Fig. 4 with dashed lines. The TTT curve for slag No. 3 shows a full "C" shape with the nose temperature as 900°C and a singly type of crystals were observed. It is noteworthy that no precipitation was observed for sample No. 3 above 1 025°C or below 775°C for times up to 1 h. The crystallization temperature and ranges as well as incubation time decreased with decreasing basicity and alumina content. In order to study the variation of precipitated phases and the crystal morphologies at different quenching temperatures, the slag drops for slag No. 1 after the TTT diagrams measurement at different temperatures were quenched and analyzed by SEM. Figure 6 shows the SEM images and EDS results of quenched slag No. 1 at 1 200°C, 1 050°C and 925°C, respectively. It can be seen that a dendritic crystalline phase was formed and some particles existed between dendrite tips for slag No. 1 quenched from 1 200°C (Fig. 6(a) ) and 925°C (Fig. 6(c) ), while rod-shape crystals had formed for slag No. 1 quenched from 1 025°C where the crystal size was found to be very fine (Fig. 6(b) ). According to the TTT diagram (Fig. 4(a) (Fig. 7(b) ). The crystalline phases for slag No. 3 are Ca 4 Si 2 O 7 F 2 and CaMgSiO 4 ( Fig. 7(c) ). Therefore, a tendency that the precipitation of CaF 2 and a change in the crystalline phase from Ca 4 (Fig. 6(c) ). It is also noted that slag No. 1 containing the high alumina content exhibited the highest tendency to crystallize, but there was no evidence of alumina crystals formed in this investigation.
A comparison of SEM-EDS results with XRD indicates that the dendrite structure in Fig. 6 Figure 8 shows an example how the heat flux and thickness of slag film for slag No. 3 vary with time. As mentioned earlier, the heat flux can be divided into three stages. During the initial stage, the heat flux density is influenced by the principle of unsteady heat conduction, and heat transfer occurs between the copper and liquid slag during this period of solid slag deposition. Regular status stage is defined as the time from t 1 ϭ7 s to t 2 ϭ45 s. The reason for choosing t 2 ϭ45 s is that the residence time for the mold slag in the mold is about 45 s during the operational casting of TRIP steels.
Heat Flux Measurements
4) The heat flux density decreases quickly after t 1 because of the increase in the solid slag film thickness (glass and/or crystalline) and the air gap formation of the Cu sensor-slag. Stable stage is therefore defined as the time after tϭ45 s. The heat transfer characteristics of the slag film shows mainly the crystallization of the solid slag film, the increasing thickness of the solid slag film with decreasing furnace temperature about 10-15 s later after immersing copper sensor and air gap change. Figure 8 also includes the thickness of slag film that was interrupted at different time intervals, as expected, the thickness of slag film is increased with increasing of time. Further analysis indicated that the crystallization had not occurred for 25 s after immersing copper sensor. As the time progresses further, the thickness of the crystallized layer and solidified slag increased but at a slow rate resulting in a gradually decreasing change in the heat flux, corresponding to the third stage.
The results from the heat flux measurements for the 3 slags are shown in the 1
. As expected, the heat flux increased with basicity and alumina content of mold slag decreased. The thickness of slag film was measured and included in Fig. 9 , and was found to increase with decreasing of basicity and alumina content. The slag film layers of slags taken after 45 s immersion were characterized through SEM, and the results are shown in Fig. 10 . (Fig. 10(a) ). Layers A and B in the figure are crystalline layer, and layer C is composed of mixed crystalline and glassy phases, and layer D is a glassy phase layer. A, B and C layers are likely be have formed at different temperatures, where layer A is composed of small equiaxed particles, layer B is a mixture of equiaxed particles and dendrite crystals and the structure of this layer is coarser than that of layer A, and layer C mainly consists of dendrite crystals with fine crystal tips. Structure of slag film for slag No. 2 is similar with that of slag No. 1, which consists of 3 sublayers (labeled A, B and C in Fig. 9(b) ). and the location of the crystalline layers, it is necessary to combine the TTT-diagrams to analyze the crystallization. It is well known from classical nucleation theory that the onset of crystallization of mold slags is dependent on the cooling rates. 29) It should be pointed out that the cooling rate varies with location, i.e., the cooling rate near the copper sensor is fast and is slow at the location away the copper sensor. The cooling rate versus the time is labeled with the TTT-diagrams, as can be seen from Fig. 11 . 30, 31) These lines show the cooling rate in different layers in the slag film as shown in Figs. 10(a) and 10(b) , where line A indicates a fast cooling rate in the layer A and line D and line C indicate the slow cooling rates in the layer D for Fig. 10(a) and in the layer C for Fig. 10(c) . The cooling rates intersecting the TTT diagrams within 45 s indicated that the crystallization can occur, which results in the observation of crystalline layers. These findings provide an explanation to some of the most important observations in last paragraph associated with Fig. 10 : (1) With decreasing of the cooling rate, the crystals formed are coarser, and dendritic crystals are formed. These phenomena can be explained by nucleation and growth rates. On the copper sensor side, the nucleation rate is high, while the growth rate is low, resulting in the structure with many small crystals. With decreasing cooling rate, the growth rate is higher while the nucleation rate is lower, resulting in fewer but larger crystals. (3) Layer C for slag No. 1 has a mixture of crystalline and glassy phases, indicating that the cooling rate at that place is favorable to form a partly crystalline region. (4) Pores were observed for all slag films, which may be due to the shrinkage during cooling.
Effect of Alumina Content in Slag No. 3
The heat fluxes that were measured for the three slags based on the No. 3 slag with different alumina contents are shown in Fig. 12 . The heat flux was found to decrease with increasing of alumina addition. As was found when comparing slags 1-3, the alumina content affected the heat flux by decreasing it with increasing of crystalline tendency. If the heat flux decreases, the solidified shell thickness of steel would be expected to become thinner during continuous casting. The decrease in heat flux could be due to the variation of slag structure with Al 2 O 3 addition. It is well know that Al 2 O 3 is an amphoteric oxide. 32 acts as network former. This would enhance the viscosity with increasing alumina content, resulting in the decrease of mobility of diffusing species. However, the crystallization tendency was observed to increase with increasing of alumina content. This suggests that long range diffusion of ion complex may not be the most pertinent factor that controls crystallization in the present experiments. As per the aforementioned discussions, a trend to form high melting point crystals such as Ca 2 Al 2 SiO 7 with increasing alumina content was observed. 28) This might partly explain the increase in crystallization tendency with increasing alumina content. 4) The heat flux was correspondingly decreased with increasing alumina content.
Conclusions
In the present paper, two different laboratory methods, Confocal scanning laser microscope (CSLM) and heat flux simulator were employed to study the crystallization properties of mold fluxes used in casting of TRIP steels. The conclusions are as follows,
(1) The TTT diagrams were established through in-situ crystallization observations with CSLM, and the crystallization temperature ranges as well as crystallization tendency increased, whereas the incubation time decreases with increasing of basicity and alumina content.
(2) The precipitated crystalline phases are CaMgSiO 4 and Ca 4 Si 2 O 7 F 2 for slag No. 3, and the increasing addition of alumina content induces a transformation of crystalline phase from Ca 4 Si 2 O 7 F 2 to Ca 2 Al 2 SiO 7 .
(3) The heat fluxes of mold slags were measured by a heat flux simulator, and were found to increase with decreasing of basicity and alumina content. The heat flux was found to decrease as alumina was added to the the glassy No. 3 slag.
